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CHAPTER 1  
General introduction 
 
1.1 Wild soybean (Glycine soja Sieb. & Zucc.) 
The genus Glycine subgenus Soja includes two species: cultivated soybean (Glycine 
max (L.) Merr.) and wild soybean (Glycine soja Sieb. & Zucc.). Wild soybean is believed 
to be the progenitor of cultivated soybean, which was domesticated in China (Hymowitz 
1970). Wild soybean accessions are mainly distributed in East Asia, such as China, Korea, 
and Japan. Wild soybean has a higher genetic diversity than cultivated soybean (Hyten et 
al. 2006; Lam et al. 2010; Li et al. 2010; Xu et al. 2002; Zhou et al. 2015a). There are 
big differences between wild and cultivated soybeans with respect to morphological and 
physiological characteristics as the result of divergent natural and artificial selection (Liu 
et al. 2007). In the process of wild soybeans being domesticated into cultivated soybeans, 
the morphological and physiological traits were changed by human selection and 
adaptation different planting environment (Harlan 1992). However, in this process, a 
large of genetic diversity has been lost. The previous study suggested that approximately 
half of the genetic diversity has been lost during soybean domestication from wild 
soybean to landraces (Zhou et al. 2015a). Most of the domestication-related traits in 
soybeans were conditioned by one or two major QTLs and some genotype-dependent 
minor QTLs, and thus introgression of useful genes from wild to cultivated soybeans can 
be carried out without large obstacles. (Liu et al. 2007). It is believed that the wild 
soybean is still rich in novel and/or useful variants for soybean breeding in various traits. 
Therefore, understanding the genetic basis underlying domestication-related traits is 
important for improving yield, adaptability for different cultivation of latitude, and seed 
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quality in soybean.  
Several quantitative trait loci (QTLs) or genes have been identified in wild soybean 
and introduced into cultivated soybean (Concibido et al. 2003; Do et al. 2016; Hu et al. 
2013; Sebolt et al. 2000; Tuyen et al. 2010; Wang et al. 2016b).A salt tolerance Ncl was 
identified from a salt-tolerant wild soybean accession and was used to develop an 
improved salt tolerance line. Ncl could increase the grain yield of soybean by 3.5-5.5 
times in saline field conditions (Do et al. 2016); Two novel aphid resistance genes, Rag6 
and Rag3c were identified and validated on chromosome 8 and chromosome 16 from a 
wild soybean (Glycine soja 85-32), respectively (Zhang et al. 2017a; Zhang et al. 2017b). 
Rag6 has shown strong resistance, while Rag3c has shown moderate resistance over the 
years; In addition, as soybean weight/size, which is an important agronomic trait for 
soybean yield, a greater seed weight gene (PP2C-1) from a wild soybean was isolated 
and was used to improve seed weight in cultivated soybean (Lu et al. 2017b). In addition, 
wild soybean was also used to identify QTLs for yield, and a positive allele from wild 
soybean has been detected (Concibido et al. 2003; Wang et al. 2004). These findings 
suggest that wild soybean is an important genetic resource pool for the improvement of 
cultivated soybean.  
In my study, I used a Japanese wild accession, ‘JWS156-1’, from the Kinki area of 
Japan. This wild accession has been demonstrated to have high salt tolerance (Hamwieh 
and Xu 2008) and alkali salt tolerance (Tuyen et al 2010; Xu et al. 2012). The wild 
soybean accession also has some special morphological traits, such as it has short 
internode length. These characteristics make ‘JWS156-1’ a special wild soybean 
germplasm.  
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1.2 Chromosome segment substitution lines (CSSLs) 
Most agronomic trait QTLs have been detected using biparental mapping 
populations, such as recombinant inbred lines (RILs), which are particularly effective for 
detecting QTLs with large effects. Recently, a more effective strategy known as an 
advanced backcross QTL (AB-QTL) analysis (Grandillo and Tanksley 2005) has been 
used to detect QTLs associated with traits of interest. Through continuous backcrossing 
followed by successive self-pollination, different genomic regions from the donor parent 
are introgressed into the genetic background of the recurrent parent to produce 
chromosome segment substitution lines (CSSLs). In CSSLs, more than 90% of the 
genome was recovered by the recurrent parent after three times of backcrossing; each 
CSSL carries one or more donor parent segments in the genetic background. The main 
characteristic of CSSLs is that each CSSL has the similar genetic background, which can 
reduce genetic background noise and improve the accuracy of gene mapping (Grandillo 
and Tanksley 2005). Since CSSLs have similar genetic background, once a particular 
QTL allele of interest is identified in a CSSL, near-isogenic lines (NILs) for the trait can 
be easily developed fine mapping and positional cloning of the QTL. Until now, many 
CSSL populations have been used in genetic studies of different crops. In tomato, the fruit 
size trait QTL were identified using CSSLs (Eshed and Zamir 1995). Two major loci 
affecting flag leaf size with functional candidate genes were identified and validated in a 
rice CSSL population (Tang et al. 2018). Wang and his colleagues used two CSSL 
populations, which were examined over 2 years in two locations, and revealed that 
overdominance was the main contributor to effects of heterosis on grain yield in maize 
(Wang et al. 2016a). These studies demonstrated that CSSL was powerful for detecting 
QTLs. 
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In soybean, several CSSL mapping populations, including two wild-soybean and 
one cultivated soybean CSSL populations, have been created and used for mapping QTLs 
controlling agronomic traits (Wang et al. 2013; Watanabe et al. 2018; Xin et al. 2016). 
Wang and colleagues (2013) developed a CSSL population from a cross between a 
Chinese wild soybean accession ‘N24852’ and a Chinese elite soybean cultivar ‘NN1138-
2’, and detected three plant height QTLs and one number of nodes on main stem QTLs. 
Another wild soybean CSSL population was also developed by using a Chinses wild 
soybean accession ‘ZYD00006’ (Xin et al. 2016), which was employed for detecting 
QTLs controlling soybean seed weight. Recently, a high-density CSSLs was developed 
for a cross between Japanese soybean ‘Enrei’ and Chinese soybean ‘Peking’, and about 
50 reproducible QTLs related to flowering, maturity, and yield were detected (Watanabe 
et al. 2018).  
No CSSL population constructed with a Japanese wild soybean has been reported in 
spite of the fact that Japan has been demonstrated as an important soybean gene pool (Abe 
et al. 2003; Xu et al. 2002). In the present study, a CSSL population was developed from 
crosses between the cultivated soybean variety ‘Jackson’, which is a famous US soybean 
variety, and the wild soybean accession ‘JWS156-1’. The developed CSSLs were 
employed for identifying QTLs of some important agronomic traits related with grain 
yield, variety adaptability, and grain quality. For grain yield, I have focused on seed 
weight QTLs. This was mainly due to the fact that there was about 10 times of difference 
between wild and cultivated soybeans and had a high possibility to discover new 
flowering time QTL or gene. For variety adaptability, I analyzed flowering time QTLs 
because wild soybean was more sensitive to photoperiod, and flowering time was 
regarded as a domestication trait (Liu et al. 2007). As to the grain quality, I studied seed 
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coat cracking since almost all wild soybean had no seed coat cracking phenomena. 
 
1.3 100-seed weight (100SW) 
The seed weight, generally expressed as 100-seed weight (100SW), is one of the 
most important yield components in soybean. Several studies have shown a positive 
association between seed weight/size and seed yield (Burris et al. 1973; Smith and 
Camper 1975). Seed weight is also reported to be associated with seed germination and 
vigor (Edwards and Hartwing 1971). The soybean varieties developed in the tropical or 
subtropical countries, such as India and Indonesia, tend to have a small seed size 
compared with varieties from the temperate regions, such as USA, China, and Japan. In 
addition, seed size is also an important factor for the end-use of soybeans. While a small 
seed size is preferred for natto and soy sprouts, a large seed size is preferred for vegetable 
soybean and tofu. Therefore, depending on their end-use or location of growth, different 
soybean varieties with different seed sizes have been established. 
In the past decades, many studies have focused on genetic studies of seed weight/size 
in the soybean, particularly using the DNA marker for QTL analyses. To date, many 
QTLs of seed weight/size on all the 20 chromosomes have been reported in SoyBase 
(http://www.soybase.org/). However, due to the nature of multi-gene effects for 
controlling seed weight/size, most of the QTLs were minor, and not validated. Examples 
of major seed weight QTLs include one mapped to on chromosome 17, qSw17-1 (Kato et 
al. 2014), and another, swHCC2-1, associated with Satt460 on chromosome 6 (Han et al. 
2012). Both QTLs showed major and stable effects and a high level of phenotypic 
variation in multiple populations and environments. 
Compared with other major crops, such as rice (Duan et al. 2015; Hu et al. 2015; 
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Wang et al. 2015), knowledge about the molecular mechanisms of seed weight control in 
soybean is very limited. To date, only two seed weight/size related genes are isolated 
from soybean. The ln (narrow leaf) gene has a large effect on the number of seeds per pod 
and seed size (Jeong et al. 2012), and recently, the PP2C-1 (protein phosphatase type-
2C) allele was found to enhance the seed size in a wild soybean accession ZYD7 (Lu et 
al. 2017b). Identification of a major and stable QTL for seed weight is very important for 
facilitating map-based cloning of seed weight gene and understanding of the molecular 
mechanisms of seed weight control in soybean.  
 
1.4 Flowering time 
Soybean is cultivated across the world in a wide range of latitudes extending from 
50°N to 22°S. Because soybean is highly sensitive to photoperiod, each cultivar can only 
be cultivated in a very narrow latitudinal zone. Flowering time is a critical trait affecting 
soybean adaptability, growth, maturity, and grain yield. Understanding the genetic and 
molecular mechanisms regulating soybean flowering time is extremely important for 
soybean breeding. 
To date, 11 genes controlling flowering time have been reported in soybean. These 
include E1 (Bernard et al. 1971), E2 (Bernard et al. 1971), E3 (Buzzell et al. 1971), E4 
(Buzzell and Voldeng 1980), E5 (McBlain and Bernard 1987), E6 (Bonato and Vello 
1999), E7 (Cober and Voldeng 2001), E8 (Cober et al. 2010), E9 (Kong et al. 2015), E10 
(Samanfar et al. 2017), and J (Ray et al. 1995). Of these, E1, E2, E3, E4, E9, and J have 
been cloned, or the causal gene has been identified at the molecular level. E1, which is 
located on chromosome 6, encodes a transcription factor with a putative nuclear 
localization signal and a B3 DNA-binding domain (Xia et al. 2012). E2 is a co-ortholog 
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of Arabidopsis flowering gene GIGANTEA (GI) located on chromosome 10 (Watanabe et 
al. 2011). E3 and E4 are homologs of phytochrome A (PHYA) located on chromosomes 
19 and 20, respectively (Liu et al. 2008; Watanabe et al. 2009). E9 is a FLOWERING 
LOCUS T ortholog gene (FT2a) located on chromosome 16 (Zhao et al. 2016). Recently, 
J, located on chromosome 4, was isolated using map-based cloning (Lu et al. 2017a; Yue 
et al. 2016). J is one of the orthologs of the Arabidopsis flowering time gene ELF3 and 
associates with the E1 promoter to suppress its transcription (Lu et al. 2017a). 
QTL analysis using molecular markers has been widely used to identify flowering 
time genes in soybean. To date, more than a hundred flowering time QTLs, distributed on 
17 chromosomes, have been reported and registered in Soybase (https://soybase.org/sbt/). 
However, many flowering time QTLs were repeatedly mapped on linkage group C2 
(chromosome 6) coinciding with E1. Although some flowering time genes are identified 
and cloned from soybean, knowledge about gene or gene system regulating flowering 
time is still limited. 
 
1.5 Seed coat cracking (SCC) 
Seed coat cracking (SCC) has many negative effects, such as increasing the rate of 
virus infection, reducing soybean quality and their commercial value (Burchett et al. 
1985; Duke et al. 1986; Yaklich and Barla-Szabo 1993). It has been reported that seed 
coat cracking results from the separation of epidermal and hypodermal tissues that 
exposes the underlying parenchyma tissue (Wolf and Baker 1972; Yaklich and Barla-
Szabo 1993).  
SCC can be genetically classified into two types: Type I with irregular cracks and Type 
II with net-like cracks (Liu 1949). Type I cracking is controlled by allelic combinations 
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of I and T loci (Nicholas et al. 1993). In addition, maturity genes also influence cracking. 
Dominant alleles E1, E5, E7 and recessive alleles e3 and e4 suppress cracking (Benitez 
et al. 2004; Takahashi and Abe 1999). Oyoo and colleagues (2010a) identified two 
quantitative trait loci (QTLs) cr1 on chromosome 2 and cr2 on chromosome 7 associated 
with Type I SCC. Type II was not associated with I or T loci (Liu 1949). The SoyPRP1 
locus for proline-rich cell wall protein on chromosome 9 had a minor effect on the net-
like cracking Type II (Nakamura et al. 2003). Two major QTLs, ncr1 and ncr2, were 
located on chromosome 4 with approximately 62 cM and 16.0 and 32.4 % of phenotypic 
variation, respectively (Oyoo et al. 2010b). 
Although many studies have focused on identifying QTLs associated with SCC in 
the past decades, the mechanism of cracking in soybean is unclear. Thus, identification 
of major and stable QTLs for SCC is very important for understanding of the molecular 
mechanisms of cracking control in soybean.  
 
1.6 Objectives of this thesis 
A serial of studies has demonstrated that wild soybean has a higher genetic diversity 
than cultivated soybean (Hyten et al. 2006; Lam et al. 2010; Li et al. 2010; Xu et al. 2002; 
Zhou et al. 2015a). Wild soybean thus is an important genetic resource pool for the 
improvement of cultivated soybean. However, it is not easy to uncover the favorable 
genes hidden in wild soybean because in the primary mapping population (such as RILs) 
due to that some wild traits, such as twining growth habit, are remained. These wild traits 
make accurate evaluation of the agronomic traits very difficult. Wild soybean CCSL 
population is ideal materials for discovering the favorable genes in wild soybean. To 
develop such a wild soybean CSSL population, my colleagues initiated the crossing 
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between a US cultivated soybean variety ‘Jackson’ and a Japanese wild soybean accession 
‘JWS156-1’, and then backcrossed with ‘Jackson’ three times. I joined this work in the 
latter stage of this work and finally completed construction of a BC3F5 population with 
120 CSSLs. 
Wild soybean differs from cultivated soybean in many traits. Using the wild CSSL 
population, I initiated my research by focusing on the most important traits that affect 
soybean grain yield, adaptability, and seed quality. The seed size, a grain yield component 
trait, has about 10 times different between wild and cultivated soybean. Flowering time 
has been demonstrated an important domestication trait determining the adaptability and 
influencing soybean grain yield. Seed coat cracking can greatly reduce soybean quality 
and their commercial value. Since ‘Jackson’ and ‘JWS156-1’ have a large phenotypic 
difference for the three traits, QTL analyses using the CSSL population derived from these 
two genotypes can enable us to discover new QTLs or genes and to deepen understanding 
for the genetic basis of the three important agronomic traits. 
The objectives of my study were: 
(1)  To construct a wild soybean CSSL population in a cultivated soybean background 
for exploring and utilizing the favorable alleles in wild soybean. 
(2) To identify QTLs or candidate genes associated with important agronomic traits of 
seed weight, flowering time, seed coat cracking using the CSSL population. 
(3) To validate the QTLs identified in the CSSL population using other genetic 
materials. 
(4) To understand the genetic basis for the three important traits to facilitate their use 
in soybean breeding for improving soybean adaptability and productivity. 
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CHAPTER 2 
Construction and characterization of a BC3F5 wild soybean chromosome segment 
substitution line (CSSL) population 
 
2.1 Introduction 
Wild soybean is believed to be the progenitor of cultivated soybean, which was 
domesticated in China (Hymowitz 1970). They are big differences between wild and 
cultivated soybeans with respect to morphological and physiological characteristics as the 
result of divergent natural and artificial selection (Liu et al. 2007). A serial of studies has 
demonstrated that wild soybean has a higher genetic diversity than cultivated soybean 
(Xu et al. 2002; Zhou et al. 2015a). . Several quantitative trait loci (QTLs) or genes have 
been identified in wild soybean and introduced into cultivated soybean (Concibido et al. 
2003; Do et al. 2016; Hu et al. 2013; Sebolt et al. 2000; Tuyen et al. 2010; Wang et al. 
2016b). These studies demonstrated that wild soybean is a potential genetic resource pool 
for the improvement of cultivated soybean.  
To explore and utilize the favorable alleles in wild soybean, a more effective strategy 
known as an advanced backcross QTL (AB-QTL) analysis (Grandillo and Tanksley 2005) 
has been used to detect QTLs associated with traits of interest. Through continuous 
backcrossing followed by successive self-pollination, different genomic regions from the 
donor parent are introgressed into the genetic background of the recurrent parent to 
produce chromosome segment substitution lines (CSSLs). Until now, CSSL populations 
have been used in genetic studies of many crops, such as tomato (Eshed and Zamir 1995), 
rice (Tang et al. 2018), and maize (Wang et al. 2016a). In soybean, several CSSL 
11 
 
mapping populations, including two wild soybean CSSL populations, have been created 
and used for mapping QTLs controlling agronomic traits (Wang et al. 2013; Watanabe et 
al. 2018; Xin et al. 2016). However, no wild soybean CSSL population constructed with 
a Japanese wild soybean has been reported.  
In the present study, a CSSL population was developed from crosses between a 
cultivated soybean variety ‘Jackson’ and a Japanese wild soybean accession ‘JWS156-1’ 
for identifying QTLs of important agronomic traits. 
 
2.2 Materials and methods 
2.2.1 Plant materials 
 The parental materials, ‘Jackson’ and ‘JWS156-1’ were used for developing the 
BC3F5 wild soybean CSSL population (Figure 2. 1). ‘Jackson’ is a soybean variety from 
the US (PI548657). This variety was extensively studied in previous studies (Hesler et al. 
2012; Hufstetler et al. 2006; Nichols et al. 2007; Vadez and Sinclair 2002). ‘JWS156-1’ 
was selected from a wild soybean accession B06097, which was provided by the National 
BioResource Project-LegumeBase (https://www.legumebase.brc.miyazaki-
u.ac.jp/top.jsp). ‘JWS156-1’ has been demonstrated to have high salt tolerance (Hamwieh 
and Xu 2008) and alkali salt tolerance (Tuyen et al 2010; Xu et al. 2012). The wild 
soybean accession also has some special morphological traits, such as it has short 
internode length, differing from other wild soybean.  
 
2.2.2 Developing of the chromosome segment substitution line (CSSL) population  
The wild soybean was the donor parent and the ‘Jackson’ cultivar was the recurrent 
parent. Different chromosomal segments of the wild soybean were introgressed into the 
12 
 
genetic background of ‘Jackson’. These lines were developed by backcrossing of 
{[((‘Jackson’ × ‘JWS156-1’) × ‘Jackson’) × ‘Jackson’] × ‘Jackson’} and five successive 
generations of self-pollination without any selection (Figure 2. 2). The crossing between 
the cultivated soybean variety ‘Jackson’ and the Japanese wild soybean accession 
‘JWS156-1’ and the following backcross with ‘Jackson’ were done by my colleagues. I 
joined this work in the F5 self-pollination stage and finally obtained 120 BC3F5 CSSLs. 
 
2.2.3 SSR analysis 
Genomic DNA was extracted from young leaf tissues using a modified CTAB 
method. A total of 235 SSR soybean markers from all 20 chromosomes (Song et al. 2004; 
2010) were used for genotyping the 120 CSSLs. The 235 simple sequence repeats (SSR) 
makers covered 2,073.79 cM with an average distance of 9.5 cM between two neighbor 
makers (Table 2. 1). The SSR reaction mix contained 2 µl (10 pmol) of each primer, 10 
µl Quick TaqTMHS DyeMix (Toyobo, Osaka, Japan), and 3 µl (10–50 ng) of genomic 
DNA template in a total volume of 20 µl. The polymerase chain reaction (PCR) was 
performed at 94°C for 30 s, followed by 32 cycles of 30 s at 94°C, 30 s at 55°C, 40 s at 
72°C, and a final extension at 72°C for 10 min. After amplification, PCR products were 
separated on an 8% (w/v) denaturing polyacrylamide gel in 1 × Tris borate EDTA (TBE) 
running buffer at 250 V for 3.5 h and stained by ethidium bromide. To detect 
polymorphism in fragment size of PCR products, the gel was scanned in the pharos FX 
Molecular Imager (Bio-Rad Laboratories, Hercules, USA). Display Graphical Genotypes 
(2.0) software was used to draw the graphical genotypes schematic diagram of the CSSLs.  
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2.3 Result   
2.3.1 Genotypic characteristics of the BC3F5 CSSLs 
The graphical genotypes of the 120 CSSLs were shown in Figure 2. 3. Of the 235 
SSR markers, 224 markers had at least one ‘JWS156-1’ allele in the 120 CSSLs, and 11 
markers showed no wild soybean allele as indicated by small gaps in the graphical 
genotypes. The CSSLs were almost recovered by the recurrent parent ‘Jackson’ after three 
times of backcrosses and no line with abnormal growth were observed in the 120 CSSLs. 
The proportion of the recurrent parent ‘Jackson’ alleles in each CSSL ranged from 80.3% 
to 99.2% with an average of 92.9 ± 4.0%.  
 
2.4 Discussion 
The advanced QTL strategy is to develop BC2 or BC3 populations, typically BC3; 
generations beyond the BC3 are likely to have too few segments from wild soybean, lead 
to have low statistical power to detect most QTLs in BC4 population (Grandillo and 
Tanksley 2005). After five generations of self-pollination, the CSSLs were almost 
homologous, however, some heterozygous segments still remained. The remained 
heterozygous segments might be used to produce residual heterozygous line, which can 
be used for validating and fine mapping QTLs.  
In this study, I was involved in the construction of BC3F5 CSSL population from a 
cross between a cultivated soybean cultivar ‘Jackson’ and a wild soybean accession 
‘JWS156-1’. To my knowledge, this population was the first CSSL population in which 
a Japanese wild soybean accession was used as donor parent. This BC3F5 CSSL 
population was used to identify QTLs to gain a better understanding of the genetic basis 
of 100-seed weight, soybean flowering time, and seed coat cracking. Of course, this CSSL 
14 
 
population might also be used for studying other traits in soybean. 
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Figure 2. 1 The parent materials, ‘Jackson’ and ‘JWS156-1’ used for developing the 
CSSL population. A: ‘JWS156-1’ grown in a field of JIRCAS farm. B: Comparison of 
the seed sizes between ‘JWS156-1’ and ‘Jackson’. 
17 
 
 
 
 
Figure 2. 2 Scheme for development of the wild soybean ‘JWS156-1’ chromosome 
segment substitution lines (CSSLs) in the cultivated soybean variety ‘Jackson’ 
background. The numbers of plants or lines are indicated in parentheses. 
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Figure 2. 3 Graphical genotypes of the 120 wild soybean ‘JWS156-1’ chromosome 
segment substitution lines (CSSLs) in the cultivated soybean variety ‘Jackson’ 
background. blue, ‘JWS156-1’ homozygous; cyan, ‘Jackson’ homozygous; green, 
heterozygous. 
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CHAPTER 3 
Identification and validation of QTLs for 100-seed weight using the CSSL 
population 
 
3.1 Introduction 
The seed weight, generally expressed as 100-seed weight (100SW), is one of the 
most important yield components in soybean. Several studies have shown a positive 
association between seed weight/size and seed yield (Burris et al. 1973; Smith and 
Camper 1975). In the past decades, many studies have focused on genetic studies of seed 
weight/size in the soybean, particularly using the DNA marker for QTL analyses. To date, 
318 QTLs of seed weight/size on all the 20 chromosomes have been reported in SoyBase 
(http://www.soybase.org/). However, compared with other major crops, such as rice 
(Duan et al. 2015; Hu et al. 2015; Wang et al. 2015), knowledge about the molecular 
mechanisms of seed weight control in soybean is very limited. To date, only two seed 
weight/size related genes are isolated from soybean (Jeong et al. 2012; Lu et al. 2017b). 
Identification of a major and stable QTL for seed weight is very important for facilitating 
map-based cloning of seed weight gene and understanding of the molecular mechanisms 
of seed weight control in soybean.  
 
3.2 Materials and methods 
3.2.1 Plant materials 
A total of 120 BC3F5 CSSLs were used for detecting the 100SW QTL. The 100SW 
of ‘Jackson’ was around 22 g and that of ‘JWS156-1’ was about 2.2 g: a ten-fold 
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difference. To validate the QTL (qSW12.1) detected in the present study, a residual 
heterozygous line (RHL), RHL564, which was heterozygous at the qSW12.1 QTL region, 
was selected from the BC3F5 population. Progenies produced by self-pollinating 
heterozygous plants of RHL564 were used to confirm the effect of qSW12.1. 
 
3.2.2 Field trials and phenotypic evaluation of the BC3F5 CSSLs 
All plant materials were grown in the experimental farm of the Japan International 
Research Center for Agricultural Sciences, Tsukuba, Ibaraki, Japan; located at 36.05°N, 
140.08°E. The 120 BC3F5 CSSLs were grown in 2014, 2015, and 2016. In 2014, a single 
BC3F5 plant for each CSSL was harvested and evaluated for seed weight. Seeds harvested 
from the single plant were used for phenotype evaluation in 2015, and the bulked seeds 
harvested in 2015 for each CSSL, excluding the individual plants at each end of the row, 
were used for phenotype evaluation in 2016. 
Soybean seeds were sown on June 24, 2014; June 23, 2015; and June 21 2016. Each 
CSSL or cultivar was planted in a single row plot 6 m in length, 30 plants per row, a row 
spacing of 60 cm and plant separation of 20 cm. All plots were arranged with a completely 
randomized block design with one (2014, 2015) or two (2016) replicates. Soybeans were 
harvested on November 14, 2014; November 12, 2015; and November 16, 2016.  
After harvesting, soybean plants were air-dried in natural conditions for at least four 
weeks and then threshed. When the seed desiccation was complete, the 100SW trait was 
measured for each BC3F5 CSSL as grams per 100 random healthy seeds. 
 
3.2.3 SSR analysis 
SSR analysis was the same as the methods described in 2.2.2 SSR. 
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3.2.4 QTL analysis 
QTL analysis was conducted with the IciMapping software (Meng et al. 2015). 
Stepwise regression-based likelihood ratio tests of additive QTL (RSTEP-LRT-ADD) 
method was used for detecting 100SW QTL. A threshold of LOD score greater or equal 
to 3.0 was set to declare existence of a QTL.  
 
3.2.5 Validation of the allelic effect of qSW12.1 
To further verify the effect of the qSW12.1 QTL detected in the present study, the 
residual heterozygous line RHL564 was selected from the BC3F5 population. 
Homozygous plants with the ‘Jackson’ and ‘JWS156-1’ genotypes were selected from the 
progenies produced by self-pollinating heterozygous plants of RHL564 using the SSR 
marker Sat_180 for genotyping. Because these two genotypes had a similar genetic 
background and differed only in the qSW12.1 region, they can be regarded as near-
isogenic lines (NILs). For the homozygous plants with the ‘Jackson’ genotype, I 
designated the lines as NILs564-C, whereas homozygous plants with the ‘JWS156-1’ 
genotype were designated as NILs564-W. Forty-three plants of NILs564-C and 44 plants 
of NILs564-W were evaluated in filed condition in 2016. The cultivation conditions were 
the same as those of the CSSLs in 2016. A two-tailed student's t test was performed to 
determine the statistical significance between NILs564-C and NILs564-W. 
 
3.3 Results 
3.3.1 The phenotypic variation of the BC3F5 CSSLs in the 3 years 
The frequency distribution and statistics analysis of 100SW in the 120 BC3F5 CSSLs 
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over the 3 years was showed in Figure 3. 1 and Table 3. 1. The 100SW demonstrated a 
continuous distribution, and the seed size of most CSSLs is intermediate compared to that 
of the two parents (Figure 3. 2). However, in 2014, 2015, and 2016, one, three, and one 
CSSLs, respectively, showed a higher 100SW than the cultivated soybean ‘Jackson’. 
ANOVA analyses showed significant effects (P < 0.01) of the different CSSLs and the 
different years. The 120 CSSLs showed a large variation in terms of 100SW, ranging 
approximately from 10 g to 22 g, with a two-fold difference. Over the 3 years, the highest 
average 100SW of all CSSLs was 19.84 g (2015), and the lowest was 16.89 g (2016), 
whereas the average in 2014 was 17.64 g. This result indicates different growth conditions 
over the 3 years. There was a strong positive correlation (P < 0.01) between different 
years (Figure 3. 3), suggesting that seed weight trait has high hereditability in soybean 
and it is suitable for QTL analysis. 
 
3.3.2 QTLs associated with seed weight 
Based on QTL analysis, four, five, and five SSR markers associated with 100SW 
were detected in 2014, 2015, and 2016, respectively (Table 3. 2). These markers were 
distributed on chromosomes 8, 9, 12, 13, 14, 16, 17, and 20. BARCSOYSSR_14_0645 
(3.00 < LOD < 6.63) located on chromosome 14 and Sat_180 (6.78 < LOD < 12.31) 
located on chromosome 12 were detected in all 3 years. Satt582 (7.16 < LOD < 8.99) 
located on chromosome 17 was detected in both 2014 and 2015. Satt431 (LOD = 4.52, 
chromosome 16), Satt490 (LOD = 3.77, chromosome 13), Satt354 (LOD = 3.83, 
chromosome 20), Sat_129 (LOD = 7.66, chromosome 8), Sat_126 (LOD = 3.46, 
chromosome 9), and Sat_086 (LOD = 3.33, chromosome 17) were detected in only 1 year. 
Overall, a total of nine markers were detected over the 3 years. Sat_180 has the highest 
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LOD scores in 2015 and 2016 and the second highest LOD score in 2014. In all nine loci, 
the wild soybean allele contributed to decreasing seed size with effects ranging from 
−1.96 g to −0.87 g. 
Based on their chromosome locations, nine 100SW QTLs, corresponding to the nine 
SSR markers associated with 100SW, were designated as qSW8.1, qSW9.1, qSW12.1, 
qSW13.1, qSW14.1, qSW16.1, qSW17.1, qSW17.2, and qSW20.1 (Table 3. 2). For the 
three major and stable QTLs (qSW12.1, qSW14.1, and qSW17.1) detected in the present 
study, qSW14.1 may correspond to the seed weight QTL reported by Hoeck et al. (2003) 
and Li et al. (2007a), whereas qSW17.1 may correspond to the QTL (qSw17-1) detected 
by Kato et al. (2014). In contrast, no seed weight QTL has been reported for the qSW12.1 
region to date, suggesting that this is a novel major QTL in soybean. 
 
3.3.3 Validating the allelic effect and determining the physical position of qSW12.1 
To further verify the effect of the qSW12.1 QTL, the residual heterozygous line 
RHL564 was selected from the BC3F5 population. Homozygous plants with the ‘Jackson’ 
and ‘JWS156-1’ genotypes were selected from the progenies of RHL564 to produce 
qSW12.1 NILs (NILs564-C and NILs564-W). Field evaluation revealed that NILs564-C 
had 100SW of 18.64 ± 1.03 g, which was significantly (P < 0.01) higher than that of the 
NILs564-W plants (17.71 ± 1.25 g) (Figure 3. 4). In addition, the seed size of NILs564-
C was also larger than that of the NILs564-W (Figure 3. 5). This result confirmed the 
effect of the qSW12.1 QTL for controlling seed weight in soybean.  
 
3.3.4 Determination of physical position and prediction of candidate gene of a major 
24 
 
100SW QTL qSW12.1 
Based on the genotyping of NILs564-C and NILs564-W derived from RHL564, 
qSW12.1 was delimited in a 1,348-kb interval between the BARCSOYSSR_12_1282 and 
BARCSOYSSR_12_1347 markers (Figure 3. 6). According to the soybean genome 
sequence of Glycine max Wm82.a2.v1 at Phytozome 12 (https://phytozome.jgi.doe.gov), 
there are 129 predicted genes in this region.  
Of these, 103 genes were expressed in the seed, 112 genes in the pod, and 99 genes 
in both the seed and pod tissues. The RNA Seq-Atlas of Glycine max Wm82.a2.v1 
revealed that 54 predicted genes had Fragments Per Kilobase Million (FPKM) values 
ranging from 5.01 to 232.40 in the seed, and 52 candidate genes had FPKM values from 
5.53 to 99.89 in the pod. Of the 129 predicted genes, Glyma.12G224200 encodes a 
putative ubiquitin-conjugating enzyme 25. Several factors involved in ubiquitin-related 
activities have been known to influence seed size in plants (Li and Li 2014). Because 
Glyma.12G224200 has an FPKM value >5 in both pod and seed tissues. it may be 
regarded as a strong candidate gene for controlling seed size in the qSW12.1 QTL. 
 
3.4 Discussion 
To identify the QTL for 100SW, 120 BC3F5 CSSLs of soybean were cultivated over 
3 years. A total of nine QTLs (qSW8.1, qSW9.1, qSW12.1, qSW13.1, qSW14.1, qSW16.1, 
qSW17.1, qSW17.2, and qSW20.1) were detected on eight chromosomes. Of these, three 
(qSW12.1, qSW17.1, and qSW14.1) are major and stable additive QTLs. The qSW14.1 
QTL was detected over 3 successive years. The seed weight QTL has been previously 
detected in the same region by Hoeck et al. (2003) and Li et al. (2007a), indicating 
consistency across different environmental conditions and genetic backgrounds. The 
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qSW17.1 QTL was detected over 2 years (2014 and 2015) as a major QTL with LOD 
scores of 8.99 and 7.16, respectively, it was not detected in 2016. Recently, Lu et al. 
(2017b) identified a protein phosphatase type 2C-1 allele (PP2C-1) as the causative gene 
underlying a QTL that contributed a positive effect for increasing seed weight. This QTL 
located in the same region of qSW17.1.  
qSW12.1 (LOD = 6.78-12.31) was detected over the 3 successive years on 
chromosome 12. There was no QTL was previously reported around this region. Among 
the two homologous progenies produced by self-pollination of RHL564, higher seed 
weight was observed in ‘Jackson’ genotype plants than that in ‘JWS156-1’ genotype 
plants. Analyses of RHL564 delimited qSW12.1 in an interval of approximately 1,348 kb 
between the BARCSOYSSR_12_1282 and BARCSOYSSR_12_1347 markers on 
chromosome 12. Thus, qSW12.1 was regarded as a novel, stable, and major QTL and 
delimited in an interval of chromosome 12. However, it is still difficult to identify the 
candidate gene underlying qSW12.1 from the 129 predicted genes. 
Of the 129 predicted genes, Glyma.12G224200 encodes a putative ubiquitin-
conjugating enzyme 25. Several factors involved in ubiquitin-related activities have been 
known to influence seed size in plants (Li and Li 2014). This predicted gene may be 
regarded as a strong candidate gene underlying qSW12.1. While the region of qSW12.1 is 
currently too large for positional cloning of the casual gene underlying the QTL, In the 
future work, I will use a much larger segregation population to narrow down the qSW12.1 
QTL into a smaller chromosome region to identify the candidate causal gene for seed 
weight. Compared to genetic studies of seed weight in other plants, such studies are very 
limited in the soybean. Cloning genes controlling seed weight would not only contribute 
to a better understanding of the mechanism of seed development but also provide 
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important implications for the future breeding strategies for soybean improvement. 
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Figure 3. 1 Frequency distribution of 100-seed weight of the 120 BC3F5 chromosome 
segment substitution lines (CSSLs) in the years 2014 (A), 2015 (B), and 2016 (C). 
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Figure 3. 2 Comparison of the seed sizes between the CSSL BC3F5-506 and ‘Jackson’. 
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Figure 3. 3 The correlation of the 100-seed weight of the BC3F5 chromosome segment 
substitution lines (CSSLs) over different years. ** Indicates significant correlation at P-
value < 0.01. 
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Figure 3. 4 The allele effect of qSW12.1 in near-isogenic lines NILs564-C (‘Jackson’ 
genotype, n = 43) and NILs564-W (‘JWS156-1’ genotype, n = 44). Data are shown as 
means ± SD (standard deviation). ** Indicates significant difference between the means 
(P-value < 0.01). 
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Figure 3. 5 Comparison of seeds sizes between near-isogenic lines NILs564-C and 
NILs564-W. 
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Figure 3. 6 The novel seed weight QTL (qWS12.1) was delimited in a 1,348-kb interval 
between the BARCSOYSSR_12_1282 and BARCSOYSSR_12_1347 markers on 
chromosome 12. * marker positions are based on SoyBase (https://soybase.org/). Shaded 
area indicates the segregating chromosomal region between near-isogenic lines NILs564-
C and NILs564-W. 
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CHAPTER 4 
A major QTL (qFT12.1) allele from wild soybean delays flowering time 
 
4.1 Introduction 
 Soybean is highly sensitive to photoperiod. Each cultivar can only be cultivated in a 
very narrow latitudinal zone. Flowering time is a critical trait affecting soybean 
adaptability, growth, maturity, and grain yield. Understanding the genetic and molecular 
mechanisms regulating soybean flowering time is extremely important for soybean 
breeding. QTL analysis using molecular markers has been widely used to identify 
flowering time genes in soybean. To date, more than one hundred of flowering time QTLs, 
distributed on 17 chromosomes, have been reported and registered in Soybase 
(https://soybase.org/sbt/). In soybean, 11 genes controlling flowering time have been 
reported in soybean. These include E1 (Bernard et al. 1971), E2 (Bernard et al. 1971), E3 
(Buzzell et al. 1971), E4 (Buzzell and Voldeng 1980), E5 (McBlain and Bernard 1987), 
E6 (Bonato and Vello 1999), E7 (Cober and Voldeng 2001), E8 (Cober et al. 2010), E9 
(Kong et al. 2015), E10 (Samanfar et al. 2017), and J (Ray et al. 1995). 
Although some flowering time genes are identified and cloned from soybean, 
knowledge about gene or gene system regulating flowering time is still limited. In the 
present study, I detected a major and stable QTLs (qFT12.1) for flowering time in the 120 
BC3F5 CSSL population and further validated the allelic effect of the major QTL. This 
QTL may be a new flowering time gene in soybean. 
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4.2 Materials and methods 
4.2.1 QTL analysis for flowering time using a CSSL population 
The ‘Jackson’ × ‘JWS156-1’ BC3F5 CSSL population was used to for detecting 
flowering time QTL. The 120 BC3F5 CSSLs as well as the parental genotypes (‘Jackson’ 
and ‘JWS156-1’) were grown at the experimental farm of JIRCS, Tsukuba, Ibaraki, Japan 
(36.05°N, 140.08°E) over 2 years. Soybean seeds were sown on June 21, 2016, and June 
27, 2017. Each CSSL or cultivar was planted in a single row plot 6 m in length, with 60 
cm spacing between rows and 20 cm spacing between plants. All plots were arranged in 
a completely randomized block design with one or two replicates. Flowering time was 
recorded as the number of days from emergence to the opening of the first flower on 50% 
of plants in each line (Fehr et al. 1971).  
Total DNA was extracted from leaf tissue of the CSSLs and the two parents using a 
modified CTAB method. A total of 235 soybean SSR markers spanning all 20 
chromosomes (Song et al. 2004, 2010) were used for genotyping. The polymerase chain 
reaction (PCR) mixture comprised 3 µl (10–50 ng) of template DNA, 2 µl (10 pmol) of 
each primer, 10 µl of Quick Taq TMHS DyeMix (Toyobo, Osaka, Japan), and 5 µl of 
distilled deionized water in a total volume of 20 µl. PCR amplification in a TAdvanced 
384 thermal cycler (Biometra, Göttingen, Germany) was performed with an initial 
activation step at 95°C for 30 s, followed by 32 cycles of 94°C for 30 s, 55°C for 30 s, 
72°C for 40 s, and a final extension at 72°C for 10 min. After PCR, 12 µl of each PCR 
product was separated on an 8% denaturing polyacrylamide gel in 1 × TBE running buffer 
for 3.5 h at 250 V, followed by ethidium bromide staining. The fragments were visualized 
by scanning using the pharos FX Molecular Imager (Bio-Rad Laboratories, Hercules, CA, 
USA).  
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QTL analysis was conducted using the IciMapping software (Meng et al. 2015). 
Stepwise regression-based likelihood ratio tests of additive QTL (RSTEP-LRT-ADD) 
were used for detecting additive flowering time QTLs. A threshold of LOD score > 3 was 
set to declare the existence of QTL. Statistical significance of the QTLs was determined 
using a 1,000-permutation test at 5% significance level.  
 
4.2.2 Confirmation of a flowering time QTL, qFT12.1, using RIL mapping population 
An F7 RIL population (n = 94) derived from the same cross as that of the CSSL 
population (‘Jackson’ × ‘JWS156-1’) was used to confirm the effect of the QTL qFT12.1 
detected in the CSSLs. RILs and their parents were sown on July 1, 2017, at the 
experimental farm of JIRCAS. Phenotypic and genotypic analyses of RILs were 
conducted as described for CSSLs. Inclusive composite interval mapping of additive 
QTLs (ICIM-ADD) was used to detect additive flowering time QTLs (Li et al. 2007b; 
Zhang et al. 2008). 
 
4.2.3 Validation of the allelic effect of qFT12.1 using a residual heterozygous line 
(RHL) 
To further validate the effect of QTL qFT12.1 detected in the CSSL population, I 
selected RHL509, which was heterozygous at the qFT12.1 locus, from the BC3F5 
population. Selfed progenies of the heterozygous RHL509 were grown in an LPH-411SP 
growth chamber (NKsystem, Osaka, Japan) at 25°C and 14-h light/10-h dark photoperiod. 
Flowering time was recorded for individual plants at the opening of the first flower. With 
the genotype of the SSR marker Satt192, which was the nearest marker to qFT12.1, these 
plants were grouped into three groups: the ‘Jackson’ homologous, the ‘JWS156-1’ 
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homologous, and the heterozygous groups. The allelic effect of qFT12.1 was validated 
by comparing the flowering time of the three groups. 
 
4.2.4 Investigation of the effect of qFT12.1 under different growth conditions 
To investigate the effect of qFT12.1 under different growth conditions, I selected 
homozygous lines with the ‘Jackson’ and ‘JWS156-1’ genotypes from RHL509 progeny 
using the SSR marker Satt192. Because these two genotypes had a similar genetic 
background and differed only in the qFT12.1 QTL region, they can be regarded as near-
isogenic lines (NILs). The homozygous plants with the ‘Jackson’ genotype were 
designated as NILs509-C, whereas those with the ‘JWS156-1’ genotype were designated 
as NILs509-W. 
The two qFT12.1 NILs (NILs509-C and NILs509-W) as well as ‘Jackson’ were 
evaluated at the experimental farm of the Japan International Research Center for 
Agricultural Sciences in 2017. To investigate the effect of the qFT12.1 QTL under 
different growth conditions, we sowed these three lines in the field at 1-week intervals on 
June 27, July 4, and July 11, 2017. The genotypes were planted in a single row plot 3 m 
in length, with 60 cm spacing between rows and 20 cm spacing between plants. All lines 
in the three replicates were arranged in a completely randomized block design. Flowering 
times were recorded for each line. 
 
4.2.5 Determination of the physical position of the flowering time QTL, qFT12.1 
The qFT12.1 NILs (NILs509-C and NILs509-W) were genotyped for 16 SSR 
markers (Song et al. 2004, 2010) located in the QTL region. Genotypes of the NILs were 
compared to delimit the physical position of qFT12.1 on chromosome 12. Candidate 
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genes underlying qFT12.1 were selected by reference to the soybean genome sequence 
of G. max Wm82.a2.v1 at Phytozome 12 (https://phytozome.jgi.doe.gov). The predicted 
genes and their annotations in the qFT12.1 interval were based on 
Gmax_275_Wm82.a2.v1.annotation_info.txt and Gmax_275_Wm82.a2.v1.gene.gff3.gz 
files downloaded from Phytozome 12. Expression information (RNA Seq-Atlas) for these 
genes was obtained from the genes.fpkm_tracking file, which was also downloaded from 
G. max Wm82.a2.v1 at Phytozome 12. 
 
4.2.6 Gene expression analysis of candidate genes underlying qFT12.1 
To identify candidate genes underlying qFT12, 1, RNA was extracted from the 40-
day-old leaf of ‘Jackson’, ‘JWS156-1’, NILs509-C, and NILs509-W using RNeasy™ 
Plant Mini Kit (Takara, Tokyo Japan). The cDNA template synthesis for quantitative PCR 
was made using PrimeScript™ RT reagent Kit (Perfect Real Time) (Takara, Tokyo Japan). 
Quantitative PCR was performed using the SYBR Select Master Mix (Thermo Fisher 
Scientific, Massachusetts USA). Genes expression were quantified at the logarithmic 
phase using the expression of the housekeeping Glyma.08G146500.1 (GmACTIN) RNA 
as an internal control in the StepOne Real-Time PCR System (Thermo Fisher Scientific, 
Massachusetts USA). Three biological replicates were performed for each genotype. The 
primers of Glyma.08G146500.1 (GmACTIN), Glyma.12G073300.1 (TOE2-like gene), 
and Glyma.12G073900.1 (PRR7-like gene) was shown in Table 4. 3. 
 
4.3 Results 
4.3.1 QTL analysis of flowering time using the CSSL population  
The frequency distribution and statistics analysis of flowering time in the 120 BC3F5 
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CSSLs in 2016 and 2017 was showed in Figure 4. 1 and Table 4. 1. The flowering time 
of the 120 BC3F5 CSSLs tended toward the early-flowering parent ‘Jackson’. Most of the 
CSSLs were intermediate between ‘Jackson’ and ‘JWS156-1’. However, three and five 
CSSLs flowered earlier than the recurrent parent ‘Jackson’ in 2016 and 2017, respectively. 
The flowering time of CSSLs ranged from 48.5 to 57.5 days after emergence (DAE), with 
an average of 52.43 DAE, in 2016 and from 46 to 57 DAE, with an average of 49.31 DAE, 
in 2017. A significant positive correlation was observed between the 2 years (P < 0.01; 
Figure 4. 2; Table 4. 1), suggesting that flowering time has high hereditability in the CSSL 
population.  
On the basis of QTL analysis, several SSR markers were detected to be associated 
with flowering time in the CSSL population. Two SSR markers, including Satt192 on 
chromosome 12 and Satt678 on chromosome 19, were detected in 2016, whereas four 
SSR markers, including BARCSOYSSR_07_0262, Satt192, Satt293, and Satt678 located 
on chromosomes 7, 12, 12, and 19, respectively, were detected in 2017. The markers 
Satt192 and Satt678 were detected in both years, whereas Satt293 and 
BARCSOYSSR_07_0262 were detected only in 2017. Of these, Satt192 showed the 
highest PVE values in the 2 years (38.27% in 2016 and 36.37% in 2017). The wild 
soybean alleles of all QTLs contributed to the delayed flowering phenotype with positive 
effects ranging from 1.05 to 2.39. On the basis of their chromosome locations, four QTLs, 
corresponding to the four SSR markers, were designated as qFT07.1, qFT12.1, qFT12.2, 
and qFT19.1 (Table 4. 2).  
 
4.3.2 Confirming the major flowering time QTL, qFT12.1, using the F7 RIL mapping 
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population 
The frequency distribution of flowering time in the RIL mapping population is 
shown in Figure 4. 3. QTL analysis detected a major QTL on chromosome 12, accounting 
for 39.13% of the total phenotypic variation (Figure 4. 4). The QTL was estimated to be 
located between the SSR markers Satt442 and BARCSOYSSR_12_0254 on chromosome 
12. Satt192 was the most closely associated marker with the QTL, which confirmed 
qFT12.1 as the major QTL in the RIL mapping population. As in the CSSL population, 
the wild soybean allele at qFT12.1 contributed to delayed flowering in the RIL mapping 
population. 
 
4.3.3 Validating the allelic effect of qFT12.1 using RHL509 
In total, 49 segregating plants produced by self-pollinating RHL509 were evaluated 
for flowering time in the growth chamber. On the basis of the genotypes of the SSR 
marker Satt192, these plants were classified into three groups: the ‘Jackson’ homologous 
(n = 12), the ‘JWS156-1’ homologous (n = 12), and the heterozygous groups (n = 25). 
The average flowering times of the ‘Jackson’ homologous, ‘JWS156-1’ homologous, and 
heterozygous groups were 43.3, 49.4, and 45.2 DAE, respectively (Figure 4. 5). The 
flowering time of the ‘JWS156-1’ homologous plants was significantly longer than those 
of the ‘Jackson’ homozygous and the heterozygous plants. However, no significant 
differences in flowering time were observed between the ‘Jackson’ homozygous and the 
heterozygous plants, suggesting that the recessive allele of wild soybean at qFT12.1 
causes the late flowering phenotype. 
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4.3.4 Effect of qFT12.1 under different growth conditions 
To verify the effect of qFT12.1 under different environmental conditions, I grew 
NILs509-W, NILs509-C, and ‘Jackson’ under field conditions with different sowing 
dates. The time to flowering decreased with delayed sowing. The average flowering times 
for the three genotypes were 50.6, 47.3, and 43.0 DAE for June 27, July 4, and July 11 
sowing, respectively. In all three growth conditions, NILs509-W flowered later than 
NILs509-C and ‘Jackson’ (Figure 4. 6). The wild soybean allele at qFT12.1 delayed 
flowering time by 2–4 days. This confirmed the allelic effect of qFT12.1 under different 
growing conditions.  
 
4.3.5 Determining the physical position of qFT12.1 
Genotyping NILs509-C and NILs509-W with 16 SSR markers flanking the QTL 
region localized qFT12.1 to a 2,664-kb interval between BARCSOYSSR_12_0220 and 
BARCSOYSSR_12_0367 (Figure 4. 7). According to the reference genome sequence of 
soybean William 82, 275 annotated genes were present in this region. The RNA Seq-
Atlas of G. max Wm82.a2.v1 showed that 231 genes were expressed in the shoot apical 
meristem (SAM), 231 genes were expressed in the leaf, and 221 genes were overapply 
expressed in both. Of these, 111 predicted genes showed fragments per kilobase million 
(FPKM) values > 5 in SAM and 103 candidate genes exhibited FPKM values > 5 in leaves. 
Of the predicted genes, Glyma.12G073300 was identified as the best BLAST hit to an 
Arabidopsis flowering gene TARGET OF EARLY ACTIVATION TAGGED 2 (TOE2). It 
has been known that AtTOE2 delays flowering time in Arabidopsis. The TOE2 protein 
interacts with JASMONATE-ZIM DOMAIN (JAZ) proteins and represses the expression 
of FLOWERING LOCUS T (FT) (Zhai et al. 2015). These data suggest 
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Glyma.12G073300 as the candidate gene underlying qFT12.1. Another annotated gene, 
Glyma.12G073900, homologous to Arabidopsis PRR7 that controls flowering time in 
Arabidopsis (Yamamoto et al. 2003), was also a potential candidate for the gene 
underlying qFT12.1. 
 
4.3.6 Analyses of candidate genes expressions among the parents and near isogenic 
lines 
The Glyma.12G073900 (PRR7-like gene) showed significant different relative 
expression between ‘Jackson’ and ‘JWS156-1’ in 40-day-old leaf (P-value < 0.01) 
(Figure 4. 8), suggesting that Glyma.12G073900 might be the candidate gene underlying 
qFT12.1. However, no significant difference was observed between NILs509-C and 
NILs509-W in 40-day-old leaf (Figure 4. 8). Glyma.12G073300 (TOE2-like gene) 
showed no significance between ‘Jackson’ and ‘JWS156-1’ and between NILs509-C and 
NILs509-W (data not shown). 
 
4.4 Discussion 
Four QTLs (qFT07.1, qFT12.1, qFT12.2, and qFT19.1) were detected on three 
chromosomes. Of these, qFT12.1 showed the highest effect of the phenotypic variation 
over 2 years. This QTL was further confirmed in the F7 recombinant inbred line 
population. Analysis of the qFT12.1 BC3F5 residual heterozygous line RHL509 validated 
the allele effect of qFT12.1 and revealed that the recessive allele of qFT12.1 resulted in 
delayed flowering.  
qFT12.1 was delimited to a 2703-kb interval between the markers 
BARCSOYSSR_12_0220 and BARCSOYSSR_12_0368 on chromosome 12. Kuroda 
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and colleagues identified a flowering time QTL in the proximal region of qFT12.1 using 
F2 and BC1F1 mapping populations derived from crosses between a wild soybean 
accession (JP110755) and a cultivated soybean variety ‘Fukuyutaka’ (Kuroda et al. 2013). 
According to the Genetic Resources Center, National Agriculture and Food Research 
Organization, Japan (http://www.gene.affrc.go.jp/index_en.php), the wild soybean 
accession used in the study of Kuroda et al. (2013) was from Hiroshima prefecture, Japan, 
about 300 km away from Kinki, the origin of the wild soybean accession JWS156-1 used 
in the present study. It will be very interesting to verify whether the QTL detected by 
Kuroda et al. (2013) coincides with qFT12.1.  
Among the other QTLs detected in the present study, qFT19.1 accounted for 10.54% 
and 10.46% of the total phenotypic variation in flowering time of the CSSL population 
in 2016 and 2017, respectively.. Flowering time QTLs in the same region of qFT19.1 has 
previously been detected in many studies ( Githiri et al. 2007; Mansur et al. 1993; Orf et 
al. 1999), indicating consistency across different populations and environmental 
conditions.  
Since the expression of Glyma.12G073900 (PRR7-like gene) gene showed 
significant difference in 40-day-old leaves between ‘Jackson’ and ‘JWS156-1’, 
Glyma.12G073900 was a potential candidate gene underlying flowering time. 
Glyma.12G073900 is orthologous to the Arabidopsis APRR7 gene, which belongs to the 
APRR1/TOC1 quintet and regulates circadian clock in Arabidopsis. However, it remains 
unclear how the APRR1/TOC1 to regulate the mechanisms underlying the circadian 
rhythm (Yamamoto et al. 2003). Further study will be required to identify the causal gene 
and to reveal the mechanism of flowering time in soybean to contribute to the future 
breeding strategies for genetic improvement of soybean.  
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Table 4. 3 Primer sequences for qRT-PCR of the relative expression of 
Glyma.12G073900.1 and Glyma.12G073300.1 
Primer Name Sequence 5' to 3' 
GmActin-qRT-F GAGCTATGAATTGCCTGATGG 
GmActin-qRT-R CGTTTCATGAATTCCAGTAGC 
GmTOE2-qRT-F GGAGGGGACAGTGAGATGAA 
GmTOE2-qRT-R GTATTGCGAGCTTCGAGACC 
GmPRR7-qRT-F GCTCAGCTGCACCAAATACA 
GmPRR7-qRT-R GAGGCCCTGTCATTGATGTT 
48 
 
 
 
Figure 4. 1 Frequency distribution of flowering time of BC3F5 chromosome segment 
substitution lines (CSSLs; n = 120) in 2016 (A) and 2017 (B). 
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, 
Figure 4. 2 The correlation of the flowering time of BC3F5 chromosome segment 
substitution lines (CSSLs) in 2016 and 2017 years. ** Indicates statistically significant 
correlation at (P < 0.01). 
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Figure 4. 3 Frequency distribution of flowering time of 94 recombinant inbred lines 
(RILs) (‘Jackson’ × ‘JWS156-1’) in 2017. 
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Figure 4. 4 A QTL for flowering time mapped on chromosome 12 in a RIL population 
derived from ‘Jackson’ × ‘JWS156-1’.  
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Figure 4. 5 Box plots showing flowering time of three plant genotype groups derived 
from the residual heterozygous line RHL509. C, ‘Jackson’ homologous group; W, 
‘JWS156-1’ homologous group; C/W, heterozygous group. The interquartile region, 
median, and range are indicated by the box, bold horizontal line, and vertical line, 
respectively. ** indicates statistically significant differences between means (P < 0.01). 
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Figure 4. 6 Allelic effects of qFT12.1 in near-isogenic lines (NILs) sown in the field on 
different dates in 2017. Data represent means ± standard deviation. ** indicates 
statistically significant differences between means (P < 0.01). 
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Figure 4. 7 Schematic showing the genomic location of the flowering time QTL qFT12.1 
on soybean chromosome 12. The QTL was delimited to a 2,703-kb interval between the 
SSR markers BARCSOYSSR_12_0220 and BARCSOYSSR_12_0368. 
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Figure 4. 8 The relative expression of Glyma.12G073900.1 (PRR7-like gene) in the 
parental lines ‘Jackson’ and ‘JWS156-1’ and the qFT12.1 near-isogenic lines (NILs) 
NILs509-C and NILs509-W. The RNA was extracted from the 40-day-old leaf of 
‘Jackson’, ‘JWS156-1’, NILs509-C, and NILs509-W. ** Indicates significant difference 
between the means (P-value < 0.01).	
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CHAPTER 5 
Identification and validation of QTLs for seed coat cracking (SCC) using two 
CSSL populations 
Seed coat cracking (SCC) brings serious negative effects on the seed quality and their 
commercial value in soybean. The SCC can be caused by adverse environmental stresses. 
However, genetic mechanisms for controlling SCC in soybean is still remain unclear. To identify 
new QTLs controlling SCC, the 120 BC3F5 CSSLs were cultivated over 3 years under field 
conditions. SCC for each line was investigated by counting the cracked seeds in 200 health seeds 
harvested from each CSSLs. A total of four QTLs (SCC07.1, SCC08.1, SCC13.1, and SCC20.1) 
were identified on four chromosomes. Of these, one QTL (SCC08.1) located on chromosomes 8 
showed major effects by explaining 20.59–53.13% of phenotypic variances in three years. To 
further confirm the major QTL SCC08.1, SCC was investigated in a BC3F5 population (n = 88) 
derived from a cross between a Japanese cultivar ‘Tachiyutaka’ and the wild soybean ‘JWS156-
1’, followed by continuous backcrossing using ' Tachiyutaka ' as a recurrent parent.  A QTL, 
explaining 19.86 % of the total phenotypic variances, was detected in the same position of 
SCC08.1 in the Tachiyutaka × JWS156-1 BC3F5 population, suggesting that SCC08.1 has effect 
in different genetic backgrounds. 
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CHAPTER 6 
General discussion 
 
6.1 The wild soybean CSSLs are potential for exploring and utilizing the favorable 
alleles in wild soybean for soybean improvement 
Serials of studies have revealed that wild soybean has a higher genetic diversity than 
cultivated soybean (Hyten et al. 2006; Lam et al. 2010; Li et al. 2010; Xu et al. 2002; 
Zhou et al. 2015a), implying that wild soybean is potential for enlarging the genetic 
diversity of cultivated soybean. Until now, several QTLs alleles or genes controlling seed 
quality, yield traits, and tolerances to biotic and abiotic stresses have been identified in 
wild soybean and then introduced into cultivated soybean (Concibido et al. 2003; Do et 
al. 2016; Hu et al. 2013; Sebolt et al. 2000; Tuyen et al. 2010; Wang et al. 2016c), 
demonstrating that wild soybean is an important genetic resource for the improvement of 
cultivated soybean. Advanced backcross QTL (AB-QTL) analysis provided a more 
effective strategy for detecting detect QTLs associated with traits of interest, particularly 
for mining useful gene from wild species (Grandillo and Tanksley 2005). So far, numbers 
of wild species CSSL populations have been developed in rice, tomato, and other crops 
(Eshed and Zamir 1995; Tang et al. 2018; Wang et al. 2016a). However, only three CSSL 
populations, including two wild soybean CSSL populations, have been reported for in 
soybean (Wang et al. 2013; Watanabe et al. 2018; Xin et al. 2016). In this study, I was 
involved in the construction of ‘Jackson’ × ‘JWS156-1’ BC3F5 CSSL populations from 
the stage of fifth self-pollination, and identified the genetic background of each line using 
DNA marker analysis, and successfully completed the third wild soybean CSSL 
population in the world. Based on the analysis of a total of 235 SSR markers from the 20 
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chromosomes, the CSSLs genomic region were 92.9% recovered by the recurrent parent 
‘Jackson’ after 3 times of backcrosses. By using the CSSLs, major and stable QTLs for 
some important agronomic traits (100 seed weight, flowering time, and seed coat cracking) 
were identified, demonstrating that the CSSLs are potential germplasm for soybean 
genetic studies. The most interesting results are the findings of a novel 100SW and a 
major flowering time QTL, which may correspond to a new flowering time gene. During 
the domestication process from wild soybean to cultivated soybean, many elite genes 
have been lost due to natural or artificial selections. The wild soybean CSSLs provide an 
efficient strategy for mining such elite genes in wild soybean and intruded and utilized 
them in cultivated. Just like the QTL analysis for the traits of 100SW, flowering time, and 
SCC performed in my current study, our ongoing researches with the CSSLs focusing on 
other important agronomic traits, such as biomass, biotic and abiotic stresses, and other 
yield related traits, will enable us to find and utilize more favorable alleles or genes in 
wild soybean. 
 
6.2 QTLs analysis for 100-seed weight: not only confirmed previous reported QTLs 
but also discovered a new one  
In agreement with the previous studies (Liu et al. 2007; Wang et al. 2016c; Xin et 
al. 2016), alleles from wild soybean contribute to a reduction in seed weight in all the 
nine 100SW QTLs. Soybean breeders are not simply interested in increasing the seed size, 
but require an optimized combination for each yield factor such as seed size, the number 
of seeds per pod, and the number of pods per plant. The soybean varieties developed in 
the tropical and subtropical countries, such as India and Indonesia, tend to have a small 
seed size compared with varieties from the temperate regions, such as USA, China, and 
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Japan. In addition, seed size is also an important factor for soybean end-use. Although a 
small seed size is preferred for natto and soy sprouts, a large seed size is preferred for 
vegetable soybean and tofu. Therefore, depending on the end-use or location of growth, 
different soybean varieties with different seed sizes are needed. The QTLs detected in the 
present study would be useful to control seed size via genomic breeding by design and 
positional cloning of relevant genes. 
I detected three major and stable QTLs (qSW12.1, qSW17.1, and qSW14.1). There 
QTLs are good candidates for cloning the genes responsible for 100SW because a major 
QTL can be steadily detected in different environmental conditions. qSW12.1 was 
identified in 3 successive years, accounting for 15.25%–23.25% of the total phenotypic 
variation of 100SW and presenting a novel locus associated with this trait. This QTL 
might differ from a seed weight QTL previously detected on chromosome 12 (Han et al. 
2012), occurring in an interval between Satt181 (91.12 cM, genetic position based on 
SoyBase and so forth) and Satt302 (81.04 cM), where the proximal marker is 
approximately 10 cM away from qSW12.1.  
The qSW14.1 QTL was detected over 3 successive years, accounting for 6.27%–
11.17% of the total phenotypic variation of 100SW. Seed weight QTL has been 
previously detected in the same region by Hoeck et al. (2003) and Li et al. (2007a), 
indicating consistency across different environmental conditions and genetic 
backgrounds. 
Although the qSW17.1 QTL was detected over 2 years (2014 and 2015) as a major 
QTL with LOD scores of 8.99 and 7.16, respectively, it was not detected in 2016. As it 
was shown in Table 3. 2, the 120 CSSLs as well as the two parents showed the lowest 
100 seed weight in 2016 among the three years. The special growth condition in 2016 
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might affect the effect of qSW17.1. The other researchers working on different 
populations have consistently detected QTLs for seed weight in this region (Liu et al. 
2007; Kato et al. 2014; Wang et al. 2016c; Xin et al. 2016). Recently, Lu et al. (2017b) 
identified a protein phosphatase type 2C-1 (PP2C-1) allele as the causative gene 
underlying a QTL that contributed a positive effect for increasing seed weight. This QTL 
located in the same region of qSW17.1. However, the result in Lu et al. (2017b) differs 
from my study in which the wild soybean contributed a negative effect, decreasing seed 
weight. It would be very interesting to determine whether these conflicting results are due 
to different genes or different alleles within the same locus of the wild soybean genome. 
As for the remaining significant QTLs, six were detected in this study (qSW8.1, 
qSW9.1, qSW13.1, qSW16.1, qSW17.2, and qSW20.1). Of these, qSW20.1 might 
correspond to a region associated with seed weight reported by Han et al. (2012) and Liu 
et al. (2011). However, these six QTLs require further corroboration because they were 
detected in 1 year. Although some CSSLs demonstrated higher 100SW than that by the 
cultivated parent ‘Jackson’, no positive effect allele was detected from the wild soybean, 
suggesting the presence of undetected small effect QTLs or epistasis. 
Despite the fact that, on average, more than 90% of the genome was recovered by 
the recurrent parent in the BC3-derived CSSLs, there were several CSSLs with quite low 
100SW. For example, CSSLs507 and CSSLs505 had an average of 11.06 ± 1.30 g and 
12.74 ± 2.71 g for 100SW over the three years. Genotyping analysis showed that 
CSSLs507 had the ‘JWS156-1’ genotypes at four 100SW QTLs (qSW8.1, qSW12.1, 
qSW13.1, and qSW17.1) and CSSLs505 had the ‘JWS156-1’ genotypes at three 100SW 
QTLs (qSW9.1, qSW12.1, and qSW17.1), both including the two major QTLs, qSW12.1 
and qSW17.1. Further genetic analysis for 100SW using a segregation population (BC4) 
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derived from crosses between these CSSLs and ‘Jackson’ could enable us to understand 
the effects and relationships of the 100SW QTLs. 
Analysis of the qSW12.1 near-isogenic lines, NILs564-C and NILs564-W, not only 
confirmed the effect of qSW12.1 but also delimited it in a 1,348-kb interval between the 
BARCSOYSSR_12_1282 and BARCSOYSSR_12_1347 markers on chromosome 12. 
However, it is still difficult to identify the candidate gene underlying qSW12.1 from the 
129 predicted genes.  
My study has detected the major QTLs again, qSW17.1 and qSW20.1, and identified 
a novel major QTL, qSW12.1, within a 1,348-kb interval region on chromosome 12. This 
mapping is sufficiently accurate for DNA marker assisted selection in a breeding program. 
While the region of qSW12.1 is currently too large for positional cloning of the casual 
gene underlying the QTL, my ongoing fine-mapping work using a much larger 
segregation population will enable to narrow down the qSW12.1 QTL into a smaller 
chromosome region for identifying the candidate gene causal to the seed weight trait. 
Compared to genetic studies of seed weight in other plants, such studies are very limited 
in the soybean. Cloning genes controlling seed weight will not only contribute to a better 
understanding of the mechanism of seed development but also provide important 
implications for breeding strategies of soybean. 
Although positive correlations between 100SW and grain yield have been confirmed 
in previous studies (Burris et al. 1973; Smith and Camper 1975), the low correlations 
between grain yield and seed weight were observed in several segregating populations 
(Burton 1987). The grain yield decreased by 100SW might be compensated for by 
increasing the number of pods or seeds per plant. For example, ln locus associated 
decreased 100SW had function to increase the number of pods per plant (Jeong et al. 
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2012). Further studies are needed to confirm the effects of qSW12.1 QTL on other grain 
yield traits, such as number of seeds per pod, number of pod per plant, and number of 
seeds per plant. 
 
6.3 A major flower time QTL, qFT12.1, may correspond to a new flowering time 
gene in soybean   
In the present study, I detected, validated, and characterized the effect of a major 
flowering time QTL, qFT12.1, in soybean. This new flowering time gene will contribute 
toward a better understanding of the regulation of flowering time in soybean. This gene 
could also be introduced into cultivated soybean, particularly for soybean breeding at 
lower latitudes to develop varieties adapted to the local environmental conditions.  
The qFT12.1 QTL was detected in 2 successive years as a major and stable QTL on 
chromosome 12 in the present study. Of the 107 flowering time QTLs deposited in 
Soybase (https://soybase.org/sbt/), only one QTL has been reported on chromosome 12 
(Kuroda et al. 2013). Kuroda and colleagues identified a flowering time QTL in the 
proximal region of qFT12.1 using F2 and BC1F1 mapping populations derived from 
crosses between a wild soybean accession (JP110755) and a cultivated soybean variety 
‘Fukuyutaka’ (Kuroda et al. 2013). According to the Genetic Resources Center, National 
Agriculture and Food Research Organization, Japan 
(http://www.gene.affrc.go.jp/index_en.php), the wild soybean accession used in the study 
of Kuroda et al. (2013) was from Hiroshima prefecture, Japan, about 300 km away from 
Kinki, the origin of the wild soybean accession ‘JWS156-1’ used in the present study. It 
would be very interesting to verify whether the QTL detected by Kuroda et al. (2013) 
coincides with qFT12.1. 
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Among the other QTLs detected in the present study, qFT19.1 accounted for 10.54% 
and 10.46% of the total phenotypic variation in flowering time of the CSSL population 
in 2016 and 2017, respectively. Flowering time QTLs in the same region of qFT19.1 has 
previously been detected in many studies (Githiri et al. 2007; Mansur et al. 1993; Orf et 
al. 1999), indicating consistency across different populations and environmental 
conditions. The region near qFT19.1 also harbors the soybean stem growth habit gene, 
Dt1 (Liu et al. 2010; Tian et al. 2010). Dt1 is an ortholog of the Arabidopsis Terminal 
Flower 1 (TFL1) gene. One of the TFL1 gene family members, FLOWERING LOCUS T 
(FT) is a key regulator of flowering time (for review, see Benlloch et al. 2007). Given 
that the soybean cultivar ‘Jackson’ has a determinate stem growth habit and wild soybean 
has a typical indeterminate stem growth habit, qFT19.1 most likely corresponds to the 
Dt1 locus. Two additional flowering time QTLs, qFT12.2 and qFT07.1, were detected in 
the present study. Several QTLs affecting flowering time, maturity, and yield-related 
traits have previously been reported around these two QTL regions (Han et al. 2012; Orf 
et al. 1999; Panthee et al. 2007; Wang et al. 2004). However, qFT12.2 and qFT07.1 
showed relatively small effects and were only detected in 2017. Further research is needed 
to confirm the effects of qFT12.2 and qFT07.1 on flowering time. 
Glyma.12G073300 was selected as a candidate because it was the best BLAST hit 
to AtTOE1. TOE1 and TOE2 have been shown to delay flowering in Arabidopsis by 
interacting with a subset of JAZ proteins and repressing the expression of the 
FLOWERING LOCUS (FT) gene (Zhai et al. 2015). To examine the genes regulating 
flowering time in the soybean genome, Jung and colleagues conducted BLAST searches 
of the soybean genes against the Arabidopsis genome and identified Glyma12g07800 (old 
name of Glyma.12G073300 in G. max 1.09 version) as the soybean ortholog of AtTOE1 
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(Jung et al. 2012). Another annotated gene, Glyma.12G073900, was also considered a 
potential candidate gene underlying the qFT12.2 QTL. Glyma.12G073900 is orthologous 
to the Arabidopsis APRR7 gene, which belongs to the APRR1/TOC1 quintet and 
regulates circadian clock in Arabidopsis. APRR7 is a member of a small protein family, 
Arabidopsis PSEUDO-RESPONSE REGULATORS. However, it remains unclear how 
the APRR1/TOC1 quintet regulate the mechanisms underlying the circadian rhythm 
(Yamamoto et al. 2003).   
Although Glyma.12G073300 and Glyma.12G073900 were selected as candidate 
genes underlying qFT12.2, the target gene is not necessarily limited to these two genes. 
For instance, Glyma.12G074100, which shows homology to the Arabidopsis phototropin 
gene, may also be considered a candidate gene underlying the qFT12.2 QTL. The 
phototropins (phot1 and phot2) represent a family of genes encoding blue light receptors 
that control a range of responses to light. Recent genetic analyses show that phot1 and 
phot2 exhibit partially overlapping functions in mediating phototropism, chloroplast 
migration, and stomatal opening in Arabidopsis (for review, see Briggs & Christie 2002). 
On the basis of RAD-seq genotyping of a natural soybean population comprising 286 
accessions, Zhou et al. (2015b) identified four genes (Glyma.12G076700, 
Glyma.12G076800, Glyma.12G077300, and Glyma.12G077400) on chromosome 12 that 
were associated with flowering time. These genes are also located in the qFT12.1 QTL 
region, making them potential candidates for the effect of qFT12.1. My ongoing fine 
mapping experiments will assist in further narrowing down the QTL to a smaller region 
to enable better prediction, and subsequently cloning of the gene underlying qFT12.1.  
In the present study, I identified, validated, and characterized a major QTL, qFT12.1, 
controlling flowering time. Further studies are needed to determine the effect of qFT12.1 
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in other genetic backgrounds and its interaction with other flowering time genes and with 
environmental conditions, such as temperature and light quality. To date, 11 genes 
controlling flowering time have been reported in soybean. qFT12.1 may correspond to a 
new flowering time gene in soybean. On the basis of the series of results in this field, I 
propose that the flowering time gene corresponding to qFT12.1 be named E11. 
Nonetheless, the identification of the qFT12.1 QTL will not only contribute to a better 
understanding of the molecular basis of the photoperiod-dependent regulation of 
flowering time but will also be potentially useful in improving the adaptability and 
productivity of cultivated soybean by properly combining with other flowering time 
genes.  
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Summary 
 
Wild soybean (Glycine soja Sieb. & Zucc.) has been found to have the potential to 
improve cultivated soybean (Glycine max (L.) Merr.) in terms of seed quality, yield traits, 
and tolerances to biotic and abiotic stress. Several QTLs (quantitative trait loci) or genes 
have been identified in wild soybean and introduced into cultivated soybean. Previous 
QTL analysis in soybean were mainly performed by primary mapping populations (F2, 
F2:3, RILs). However, the advanced mapping populations, such as chromosome segment 
substitution lines (CSSLs), are more powerful for identifying favorable alleles from wild 
soybean. In this study, I developed a BC3F5 CSSL population (n = 120) from a cross 
between a cultivated soybean cultivar ‘Jackson’ and a wild soybean accession ‘JWS156-
1’, followed by continuous backcrossing using 'Jackson' variety as a recurrent parent. 
Based on analysis of a total of 235 SSR markers form the 20 chromosomes, the CSSLs 
were almost recovered by the recurrent parent ‘Jackson’ after three times of backcrosses 
and no line with abnormal growth were observed in the 120 CSSLs. The proportion of 
the recurrent parent ‘Jackson’ alleles in each CSSL ranged from 80.3% to 99.2% with an 
average of 92.9 ± 4.0%. This BC3F5 CSSL population was used to identify QTLs 
associated with several important agronomic traits, such as seed weight, flowering time, 
and seed coat cracking to gain a better understanding of the genetic basis of these traits 
and their applications in soybean breeding practice. 
The seed weight, generally expressed as 100-seed weight (100SW), is one of the 
most important traits controlling yield in the soybean. To identify QTL for 100SW, the 
120 BC3F5 CSSLs of soybean were cultivated over 3 years. A total of nine QTLs (qSW8.1, 
qSW9.1, qSW12.1, qSW13.1, qSW14.1, qSW16.1, qSW17.1, qSW17.2, and qSW20.1) were 
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detected on eight chromosomes. Of these, qSW12.1 (LOD = 6.78-12.31) was detected 
over the 3 successive years on chromosome 12 as a novel, stable, and major QTL. To 
validate the effect of qSW12.1, a residual heterozygous line (RHL) RHL564, which 
showed heterozygous at the qSW12.1 region, was selected from the BC3F5 population. 
Among the two homologous progenies produced by self-pollination of RHL564, higher 
seed weight was observed in ‘Jackson’ genotype plants than that in 'JWS156-1' genotype 
plants. Analyses of RHL564 delimited qSW12.1 in an interval of approximately 1,348 kb 
between the BARCSOYSSR_12_1282 and BARCSOYSSR_12_1347 markers on 
chromosome 12. Out study not only confirmed previous reported 100SW QTLs, such as 
qSW14.1 and qSW17.1, but also discovered a new and stable 100SW QTL (qSW12.1).  
Soybean is highly sensitive to photoperiod. To improve the adaptability and 
productivity of soybean, it is essential to understand the molecular mechanisms regulating 
flowering time. To identify new flowering time QTLs, I evaluated the BC3F5 CSSL 
population over 2 years under field conditions. Four QTLs (qFT07.1, qFT12.1, qFT12.2, 
and qFT19.1) were detected on three chromosomes. Of these, qFT12.1 showed the 
highest effect, accounting for 36.37–38.27% of the total phenotypic variation over 2 years. 
This QTL was further confirmed in the F7 recombinant inbred line population (n = 94) 
derived from the same cross (‘Jackson’ × ‘JWS156-1’). Analysis of the qFT12.1 BC3F5 
residual heterozygous line RHL509 validated the allele effect of qFT12.1 and revealed 
that the recessive allele of qFT12.1 resulted in delayed flowering. Evaluating the qFT12.1 
near-isogenic lines (NILs) under different growth conditions showed that NILs with the 
wild soybean genotype always showed later flowering than those with the cultivated 
soybean genotype. qFT12.1 was delimited to a 2703-kb interval between the markers 
BARCSOYSSR_12_0220 and BARCSOYSSR_12_0368 on chromosome 12. According 
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to the reference genome sequence of soybean William 82, a total of 267 annotated genes 
were present in this region. Several genes from this region, such as Glyma.12G073300 
and Glyma.12G073900, were potential candidate gene underlying qFT12.1. To date, 11 
genes controlling flowering time have been reported in soybean. qFT12.1 detected in the 
present study may correspond to a new flowering time gene in soybean.  
In this study, a wild soybean CSSL population was developed and characterized. 
These materials are very useful to exploit and utilize the favorable alleles in wild soybean. 
By using the CSSL population, QTLs or candidate genes controlling some important 
agronomic traits were identified. These results will not only contribute to a better 
understanding of the molecular basis of these traits, but will also be potentially in 
improving the adaptability and productivity of soybean. 
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